fusions were constructed in 17-2 and in 17-2AaggR. AggR was found to promote expression of the aggA gene under a variety of conditions of temperature, osmolarity, oxygen tension, and medium. At acid pH, aggA expression was maximal and was regulated by both AggR-dependent and AggR-independent mechanisms.
Enteroaggregative Escherichia coli (EAggEC) is a class of diarrheagenic E. coli associated with diarrhea in both epidemiologic and volunteer studies (2, 3, 13, 33, 34) . EAggEC is defined by its characteristic aggregative adherence (AA) to HEp-2 cells in cell culture (33) . AA in EAggEC 17-2 is associated with the presence of plasmid-encoded, bundleforming fimbriae with diameters of 2 to 3 nm (termed aggregative adherence fimbriae I [AAF/I]) (32, 35) .
In a previous publication, we reported the use of transposon mutagenesis and subcloning to localize genes necessary for the expression of AAF/I in 17-2 (32) . AAF/I-encoding (agg) genes are present on the 60-MDa plasmid as two unlinked plasmid regions, separated by 9 kb of DNA (35) . This 9-kb plasmid segment also encodes the putative enterotoxin EAST1 (40) . We have cloned region 1 as a 6.8-kb ClaI fragment which contains several open reading frames (ORFs) encoding the AAF/I structural and processing genes (41) . We previously defined region 2 as the smallest subclone (a 3.0-kb KpnI-XbaI fragment) capable of complementing region 1 DNA to confer AAF/I expression (35) .
Here, we report the complete sequencing of the 3.0-kb region 2 and the identification of several potential ORFs. One of these encodes a predicted protein of 29.4 kDa which bears homology to the AraC family of DNA binding proteins. Members of this family have been shown to be required for the expression of several other fimbriae in E. coli (9) (10) (11) 21) . Our data suggest that aggR is a transcriptional activator necessary for the expression of AAF/I in 17-2. Localization of TnphoA insertion sites. TnphoA insertion mutagenesis was performed on the AAF/I cosmid clone pJPN31 (carrying both regions 1 and 2) and was described in a previous publication (30, 32) . Plasmid DNAs from the TnphoA insertion mutants were digested with BamHI, and the kanamycin resistance-encoding fragment was cloned into pBluescript II SK (Stratagene Cloning Systems, La Jolla, Calif.). The junction was then sequenced by the double-stranded sequencing method as described above, using a previously described primer homologous to the alkaline phosphatase (AP) gene (phoA) of TnphoA (23) .
Tissue culture assays. The HEp-2 adherence assay was performed as originally described by Cravioto et al. and our group using a 3-h incubation (12, 44) . Inoculum sizes were 50 ,ul of L-broth culture for HB101 constructions and 20 RI for wild-type constructions. Adherence was considered positive if there were at least two bacterial aggregates (of more than five bacteria) per high-power field. Caco-2 cells were propagated according to published methods (17) . Before use in adherence assays, Caco-2 cells were grown to fully differentiated monolayers and were used in adherence assays after a total incubation time of 14 days. The Caco-2 assay was performed and interpreted in a manner identical to that used for HEp-2 cells.
Autoagglutination and HA. We have found that all AAF/Iexpressing strains and clones exhibit autoagglutination in static L-broth cultures grown at 37°C. Autoagglutination was defined as the detection of any discernible aggregates of bacteria to the eye after gentle agitation of the broth culture. The hemagglutination (HA) assay was performed as described by Yamamoto et al. (45) , using fresh human blood type A erythrocytes. HA was read after 20 min and was considered positive if agglutination was greater than that of the HB101 negative control by inverted microscopy.
Phenotypic characterization. Biotyping was performed with the API 20E system according to the manufacturer's instructions (Analytab Products, Plainview, N.Y.). The growth rate of mutated 17-2 was compared with that of the wild type by measuring the A600 with a Spectronic 20 spectrophotometer (Bausch & Lomb, Rochester, N.Y.). Strains were freshly inoculated into L broth in triplicate, and the optical density was measured at 2-h intervals for 8 h. Optical densities were long transformed and subjected to linear regression analysis; resulting regressions were compared for quality of slope with the level of significance at P < 0.05.
Electron microscopy. Electron microscopy and immunogold electron microscopy were performed by standard methods using a JOEL JEM 1200 EX II transmission electron microscope (27) . AAF/I antiserum was derived from intravenous injection of rabbits with the AAF/I-positive clone HB101 (pJPN31) and absorption with a live AAF/I-negative TnphoA insertion derivative. The preparation and use of the antiserum have been previously described (32 RNA slot blots. Static L-broth cultures were subcultured into fresh L broth, grown to for 2 h at 37°C with shaking, then pelleted by centrifugation, lysed with 0.2 ml of RNAzol B (Biotecx Laboratories, Inc., Houston, Tex.), and treated according to the manufacturer's protocol. Twenty micrograms of total bacterial RNA from each sample (determined spectrophotometrically) was denatured prior to application on a NYTRAN nylon transfer membrane (Schliecher & Schuell, Keene, N.H.). Alkaline RNA denaturation and fixation were performed as previously described (1) 
RESULTS
Sequence determination and characteristics of ORFs in region 2. The region 2 clone pJPN45 carries an insert of 3.0 kb; in our previous analyses, this construction was shown to carry the smallest insert capable of complementing region 1 clones to confer AAF/I expression in HB101. The 3.0-kb fragment was sequenced in its entirety.
Analysis of the DNA sequence revealed four potential ORFs (Fig. 2) in the rightward orientation, encoding predicted peptides of 13.5, 6.4, 29.4, and 14.9 kDa. One ORF (predicted molecular size of product, 10.9 kDa) was detected in the leftward orientation. With reference to the original AAF/I cosmid clones, the orientation of the first four potential ORFs was in the same direction as that of astA (encoding the toxin EAST1, 9 kb downstream) and in the direction opposite that of the AAF/I gene cluster in region 1 (35) .
Analysis of ORF1 yields a predicted peptide of 116 amino acids (12.9 kDa; nucleotides 17 to 365). The predicted ORF1 peptide was not found to have any significant homology to known protein sequences in the GenBank library. We had previously published the N-terminal amino acid sequence of a 14-kDa protein which was the predominant species in supernatants of AAF/I-producing cosmid clones and which was apparently immunogenic to volunteers fed strain 17-2 (32). As part of these prior studies, the N-terminal amino acid sequence was determined from this protein and degenerate oligonucleotides were synthesized from published E. coli codon preferences; these oligonucleotides hybridized to region 2 DNA. In the current analysis, we found that the sequence of the 21 amino acids downstream from the first methionine in the ORF1 product is highly homologous (19 of 20 residues) to the previously determined amino terminus of the 14-kDa protein, suggesting that this previously described protein is in fact the product of ORF1. The 21 amino acids upstream from the determined N-terminal amino acid sequence meet requirements for a signal peptide cleaved during secretion (14) . We had previously noted that the 3.0-kb region 2 subclone was capable of complementing region 1; current analysis, however, does not reveal a potential promoter upstream from ORFi on the cloned 3.0-kb fragment, suggesting that expression of ORF1 is not required for AAF/I expression.
ORF3 encoded a predicted peptide of 265 amino acids (29.4 kDa; nucleotides 1208 to 2003). The ORF3 product, hereafter referred to as the aggR product, was 68% identical at the amino acid level over its entire length to CfaR, the regulator of CFA/I production in enterotoxigenic E. coli (11) . The aggR product also revealed lesser homology with other members of the AraC family of DNA binding proteins. aggR was found to have a G+C content of 30%, a characteristic of some members of the AraC gene family (9) .
ORF2 encodes a predicted peptide of 58 amino acids (6.4 kDa; nucleotides 697 to 871) which was found to have 56% identity to the E. coli IS2 product over a 57-amino-acid overlap. ORF4 encodes a predicted protein of 134 amino acids (14.9 kDa; nucleotides 2106 to 2508). The protein has 86.2% identity to the product of insertion element iso-IS] from Shigella dysenteriae over a 65-amino-acid overlap. ORF5 spans nucleotides 675 to 381, is transcribed in the orientation opposite that of the other ORFs, and encodes a putative peptide of 98 residues (10.9 kDa). TFASTA analysis of the ORF5 product revealed 90.4% identity over 52 amino acids to the product of the IS3 element of Escherichia fergusonii (and 88 .5% identity over the same span to the product of the IS3 element of E. coli).
Subcloning of aggR. We previously described the generation of TnphoA insertion mutations in cloned 17-2 genes which abolished expression of AAF/I (32). Four different TnphoA insertions were mapped to region 2; none expressed AP.
TnphoA-flanking sequences were subcloned into pBluescript II SK, and sequence analysis was performed using aphoA primer. All insertions which abolished expression of AAF/I mapped within the aggR ORF.
TnphoA data, as well as the homology of AggR with the AraC family, suggested that this ORF alone might be sufficient to complement region 1 in the expression of AAF/I. aggR was subcloned by digesting pJPN45 with restriction enzymes SspI and PvuI and ligating the 1.2-kb fragment (Fig. 3) into SspIand PvuI-digested pBR328. The resulting construction, designated pJPN52, was transformed into HB101 already harboring the region 1 clone pJPN39; expression of AAF/I was restored, as determined by autoagglutination, HA, and AA in the HEp-2 adherence assay. These experiments confirmed the lack of a requirement for the ORF1 product in AAF/I expression.
Homology of aggR with other AraC gene homologs. aggR exhibits several characteristics which are common to the genes encoding members of the AraC family of DNA binding proteins, including encoding a product with a molecular size of about 30 kDa and having a low G+C content (30% for aggR) (9) . In addition, conserved regions have been identified within the amino acid sequences of AraC homologs (18, 37) . Most prominently, this includes the helix-turn-helix DNA binding motif, which is at positions 197 to 216 of AraC itself. Inspection of the AggR amino acid sequence with the PEPTIDESTRUC-TURE program of the GCG package revealed a helix-rich region meeting requirements for the helix-turn-helix motif (6) at amino acids 228 to 247 of AggR (Fig. 3) . Figure 4 shows alignment of the four AraC homologs with greatest homology to AggR (CfaD' is not included here, since it differs from CfaR mainly by the presence of a frameshift mutation) (22) . The figure illustrates a very high level of conservation among the fimbrial regulators AggR, CfaR, Rns, and CsvR, suggesting the presence of a subfamily of AraC homologs. This conservation is especially marked in the first helix-turn-helix motif. VirF differs from this subfamily, although it also exhibits the RKRLESE motif at AggR positions 197 to 203. This motif is not found in more distant AraC homologs and is not a recognized consensus sequence of these homologs.
Construction of a deletion in aggR. Restriction analysis of the aggR gene revealed the presence of two ClaI sites; deletion of the intervening ClaI fragment was predicted to yield an in-frame deletion of 279 bp. The position of this deletion was in the amino one-third of the AggR protein, 53 amino acid residues upstream from the first helix-turn-helix region. The construction of the deletion and its introduction into 17-2 are described in Materials and Methods. Construction of the desired deletion was verified by sequencing of the deletion mutant (data not shown).
Properties of AggR deletion mutants. 17-2AaggR was tested
for expression of AAF/I. The mutant was negative for autoagglutination, HA, and AA in the HEp-2 assay and for the presence of AAF/I by immunogold electron microscopy. Growth curves and biochemical analysis of 17-2AaggR were identical to those of the wild-type parent. As in the 17-2 background, the aggR deletion clone pJPN45.1 was unable to complement the intact region 1 clone pJPN39 in HB101 to confer AAF/I production, as assayed by AA, HA, and autoagglutination.
We hypothesize that the AAF/I may be responsible, at least in part, for adherence of EAggEC to the small-bowel mucosa.
We thus tested 17-2 and its isogenic AAF/I-negative derivative for adherence to the intestinal cell line Caco-2. Adherence by 17-2AaggR was markedly less than that of the parent strain.
The Caco-2 adherence pattern of 17-2 revealed the characteristic stacked-brick phenotype similar to that seen in the HEp-2 assay.
Complementation of AaggR. To test for the ability to complement the aggR deletion, the aggR clone pJPN52 was electroporated into 17-2Aa&gR. All transformants reacquired the properties of HA and AA in the HEp-2 assay. Since CfaR is the closest homolog of AggR, we attempted to complement AaggR with the cloned cfaR gene. In order to do this, we first cloned the cfaR gene on a 0.9-kb EcoRI-Hindlll fragment into EcoRI-HindIll-digested pBR328. This construction was transformed into HB101 carrying region 1 clone pJPN36 (35) and also electroporated into 17-2AaggR. Analysis of the transformants revealed that cfaR was capable of complementing both constructions to confer AAF/I production as assayed in the HEp-2 assay.
Transcriptional activation by aggR. AraC homologs have been shown to be transcriptional activators (8, 24 ). Thus, we tested for the ability of aggR to increase the transcription of the aggA gene, suggested to be the structural subunit of AAF/I and contained within region 1 (41 4 . Amino acid identity of AggR with its closest homologs. The nucleotide sequence of aggR was translated by the TFASTA program of the GCG software package and compared with known predicted or actual protein sequences in GenBank/EMBL. Shaded areas represent amino acid residues identical to those of the predicted residues of AggR. Numbers refer to the residues of AggR, using the methionine at nucleotide position 1208 as the translational start point. Heavy bars indicate the areas of AraC family conservation as reported by Ramos et al. (37) . and/or region 2 clones (Fig. 5) aggR was involved in up-regulation of the aggA gene at 37 and 30°C, under aerobic and anaerobic conditions, and under conditions of rich media and high osmolarity (sodium concentration). Even in the presence of a functional aggR locus, aggA expression was repressed at extremes of temperature, in minimal medium, and at low osmolarity. Expression of aggA was maximal in L broth buffered to pH 5.5 (in either MES or bis-Tris buffer). At pH 5.5, the aggR deletion mutant expressed the aggA fusion to a significantly greater degree than it did at pH 7.5, suggesting that aggA was responsive to pH by aggRdependent and aggR-independent mechanisms. DISCUSSION EAggEC strains have been shown to be diarrheal pathogens in both epidemiologic and volunteer studies (2, 3, 12, 33, 34) , yet the basic features of EAggEC pathogenesis are unknown. We have previously shown that the AA phenotype in EAggEC 17-2 is associated with the presence of a ca. 60-MDa plasmid. The AA phenotype itself is related to the presence of flexiblebundle-forming fimbriae 2 to 3 nm in diameter, which we have designated AAF/I (32). We have also shown that the AAF/I genes on the 17-2 plasmid exist as two unlinked regions separated by 9 kb of unrelated DNA (35) .
AAF/I region 1 contains a cluster of genes involved in fimbrial expression, including that for the fimbrial subunit itself (aggA) (41) . Region 2 was previously defined as the smallest subclone which complemented region 1 to confer AAF/I expression (35) . Here, we report the complete sequencing of the 3.0-kb region 2 cloned fragment. Our sequencing data suggest five potential ORFs, four in one direction. An ORF herein designated aggR is sufficient by itself to complement region 1 for expression of AAF/I. aggR is flanked by ORFs with homology to known insertion sequences.
aggR encodes a 29.4-kDa protein with homology to the AraC family of DNA binding proteins. This family also includes AraC, CfaR, Rns, ToxT, VirF, and the recently described PerA of enteropathogenic E. coli (19) . The AraC family has several conserved features. All have revealed a helix-turn-helix motif, with highly conserved residues (18, 37) . Members of this family often display a very low G+C content (9) . This observation raises questions about the origin of this gene family, yet no definitive data are available to illuminate the source of these genes.
The closest homologs to AggR are all positive regulators of fimbrial expression in E. coli (CfaR, Rns, and CsvR). These proteins reveal remarkable conservation of amino acid residues in the C terminus, the proposed DNA binding portion of the molecules. Amino acids 187 to 201 of AggR, including the helix-turn-helix motif, are identical to the other fimbrial regulators, except for one substitution of an alanine for a valine in Rns. Thus, these fimbrial regulators (with Rns as the prototype) represent a subfamily of AraC homologs adapted to the regulation of fimbriae. Notably, all four proteins feature a leucine at AggR position 198, which differs from the phenylalanine consensus residue at this position proposed by both Ramos et al. (37) and Gallegos et al. (18) . VirF of Shigella spp. and ToxT of V. cholerae also feature this substitution. This leucine-for-phenylalanine change may represent a branch point in the evolution of AraC proteins.
Our initial experiments suggested that aggR was required for expression of AAF/I in HB101. In order to demonstrate a requirement for aggR in the native background, we constructed an in-frame deletion of the N-terminal region of aggR by allelic exchange. 17-2AaggR did not express AAF/I, as evidenced by a lack of autoagglutination, HA, and AA in the HEp-2 assay and the lack of fimbriae by immunogold electron microscopy. These phenotypes were restored by the reintroduction of the cloned aggR gene. We recognize that some members of the AraC family (such as VirF of Shigella spp. [25, 39] ) are regulators of multiple bacterial genes. Thus, although we have shown a dependency of AAF/I expression on the presence of aggR, the lack of adherence phenotype may not necessarily be due to lack of AAF/I expression alone.
Experiments using an aggA::phoA fusion introduced into the wild-type plasmid as well as into the isogenic aggR deletion mutant allowed us to assess conditions under which aggR was active in the regulation of aggA expression. aggR functioned as an activator of aggA under a wide variety of conditions, including variations in growth medium, temperature, and oxygen tension, but was inactive at extremes of temperature and in minimal medium. The effect of aggR on agg;A expression was most marked at pH 5.5. Moreover, aggA expression in the absence of a functional aggR gene was high at pH 5.5, suggesting that the expression of aggA was regulated by pH in an aggR-independent manner. aggA expression was maximal when both aggR-dependent and aggR-independent mechanisms were functional.
Our data for both HB101 and 17-2 suggest that aggR exerts its effect on AAF/I expression by acting as a positive regulator of fimbrial gene transcription. Temperature regulation of CFA/I expression requires intact hns and cfaR genes and may be related to the linking number of the plasmid DNA (24 
